In Brief Desmurget et al. show that electrical stimulation at focal cortical sites in the dorsoposterior parietal region (DPPr) blocks the execution of volitional hand movements. This blockage is highly selective. It does not disrupt speech or movements performed with other body parts (e.g., the foot). DPPr is a key element of the motor inhibition network.
SUMMARY

Inhibition is a central component of motor control.
Although current models emphasize the involvement of frontal networks [1, 2] , indirect evidence suggests a potential contribution of the posterior parietal cortex (PPC). This region is active during inhibition of upper-limb movements to undesired targets [3] , and its stimulation with single magnetic pulses can depress motor-evoked potentials [4, 5] . Also, it has been speculated that alien hand movements caused by focal parietal lesions reflect a release of inhibition from PPC to M1 [6] . Considering these observations, we instructed 16 patients undergoing awake brain surgery to perform continuous hand movements while electrical stimulation was applied over PPC. Within a restricted dorsoposterior area, we identified focal sites where stimulation prevented movement initiation and instantly inhibited ongoing responses (which restarted promptly at stimulation offset). Inhibition was selective of the instructed response. It did not affect speech, hand movements passively generated through muscle electrical stimulation, or the ability to initiate spontaneous actions with other body segments (e.g., the feet). When a patient inadvertently performed a bilateral movement, a bilateral inhibition was found. When asked to produce unilateral movements, this patient presented a contralesional but not ipsilateral inhibition. This selectivity contrasted sharply with the unspecific inhibitions reported by previous studies within frontal regions, where speech and all limbs are typically affected (as we here confirm in a subset of patients) [7] [8] [9] [10] . These results provide direct evidence that a specific area in the dorsoposterior parietal cortex can inhibit volitional upper-limb responses with high selectivity.
RESULTS
Evoking Motor Inhibition by Stimulating the Dorsoposterior Parietal Cortex
In 16 patients (Table S1 ), we stimulated 114 sites homogeneously distributed over the posterior parietal cortex (PPC) ( Figure S1 ). At rest, none of these sites evoked motor responses. Conscious sensorimotor perceptions (e.g., tingling, illusions of movements, etc.) were identified at 14 sites ( Figure S1 ). These observations are consistent with previous reports [11] [12] [13] .
In ten patients, in the dorsoposterior parietal region (DPPr) around the convexity of the intraparietal sulcus ( Figure 1 ), functional mapping identified 12 sites where stimulation produced insuperable motor inhibitions (Table S2) . At these sites, stimulation prevented the patients from initiating hand movements when at rest. When stimulation was applied during movement execution, the ongoing response was interrupted (Figure 2A ; Videos S1 and S2). Motor inhibition was prompt and time locked with the stimulation (Figures 2A-2D ). Time of electromyography (EMG) cessation was estimated, for each arrest trial (n = 12), as the latency with which EMG signal fell within 3 3 SD of mean rest activity (see STAR Methods). It occurred, on average, 126 (±30) ms after stimulation onset. Likewise, motor release was estimated from the latency with which EMG signal rose above 3 3 SD of mean rest activity (n = 12). It occurred 142 (±33) ms after stimulation ending.
Stimulation affected selectively the contralateral hand (Figure 2B) . While this hand was blocked, the patients remained able to talk (Video S1) or initiate spontaneous movements of the ipsilateral hand or the feet ( Figure 2C ). Strikingly, though, one patient inadvertently performed the task with the two hands ( Figure 2D ). In this case, stimulation had a bilateral effect, and both hands were blocked. This blockage was still observed when the patient was instructed to perform the task with the contralesional (left non-dominant) hand only. However, it disappeared and stimulation had no effect when the patient was asked to use the ipsilesional (right dominant) hand only. This observation clearly shows that stimulation inhibited selectively taskrelated muscles.
Although motor inhibition was easily identified visually during per-operative evaluation (Videos S1 and S2), we conducted offline analyses to quantitatively estimate the magnitude of EMG reduction at inhibition sites. For each trial, we computed the root-mean-square amplitude of the electromyogram (RMSE) of the flexor carpi radialis muscle across ten time bins covering the pre-and post-stimulation phases (Figure 3 ). Friedman's Anova (FA) was then used to evaluate mean changes in RMSE signals across bins. For the contralesional hand (n = 12), cortical stimulation caused RMSE to significantly drop (FA: X 2 9 > 71, p < 7 3 10 À12 ). For the ipsilesional hand (n = 8), no effect was found (FA: X 2 9 < 4.5, p > 0.90). To avoid ambiguity, it may be worth noting that our inability to identify inhibition responses in six patients (37.5%) can be explained by the clinical context of our study. Indeed, in each region of interest (here DPPr), per-operative mapping only evaluates a subset of clinically relevant points and eloquent sites can easily be ''missed.'' For instance, in wellidentified frontal language regions, mapping fails to identify language-related response in almost 40% of the patients [14] . To further address this issue, we performed a Monte Carlo simulation. As detailed in the STAR Methods, we took into account the proportion of eloquent inhibition sites in DPPr (from 25%, inferred from our data, to 50%, artificially high) and the number of stimulations performed for each subject within this region (from 0 to 7). When the rate for eloquent sites was 25%, the 95% confidence interval of the simulated distribution ranged from 3.9 to 10.7 ''silent'' subjects. When the rate for eloquent sites was 50%, it ranged from 1.0 to 6.2 subjects. In other words, clinical subsampling fully accounts for our inability to find inhibition sites in six subjects.
Functional Properties of Parietal Inhibition Sites
When cortical stimulation was delivered either at rest or while hand muscles were passively contracted through peripheral electrical stimulation, parietal inhibition sites were totally silent (Table S2 ). They failed to evoke muscle contractions or any sort of conscious feelings (sensory perceptions, intentions to move, etc.; Video S1).
During motor inhibition, all patients were fully aware of their inability to move. Typical verbatim were as follows: ''I cannot do it; it's hard'' or ''I cannot move anymore'' (Video S1). When prompted to describe how they felt after the stimulation, the patients reported that they felt the blockage and that they could not move, no matter how hard they tried.
Following motor testing, as part of the clinical procedure, sensory inputs were mapped with cortical surface electrodes, in response to electrically triggered movements of the face and contralateral limb muscles (Table S2 ). Most inhibition sites (10 out of 12; 83%) received statistically significant sensory inputs from hand muscles (Figures 2A-2D ). None of these sites received significant afferent inputs from the face or the lower limb. Mean latency of the hand-evoked sensory signals for the ten inhibition sites receiving significant inputs was 51 (±13) ms (for each site, latency was defined as the onset of the first 10 ms epoch that rose above 3 3 SD of the rest baseline signal; see STAR Methods). The origin of these inputs cannot be determined from the present study. However, an indirect pathway, involving the primary somatosensory cortex (S1) seems likely in light of existing evidence that latencies of neural responses are typically shorter in S1 (<30 ms [15, 16] ) and that posterior parietal sensory potentials are abolished following S1 excision [17, 18] .
Evoking Motor Inhibition by Stimulating Precentral Areas
Motor blockages have already been reported in past studies following frontal stimulations (for a review, [1] ). Consistently, these blockages have been shown to have a broad unspecific inhibitory influence on sensorimotor systems (see Discussion). To illustrate this point, we report five observations of precentral blockages obtained in four patients (Tables S1 and S3) in the dorsal part of the precentral gyrus and the posterior part of the superior frontal gyrus (Figure 1 ), using the same procedures as the ones described above for parietal mapping. For all these sites, a general, unspecific inhibition of motor activity was observed. In contrast to parietal sites, frontal sites did not selectively inhibit contralateral hand movements. They also disrupted speech and ipsilateral hand movements ( Figure 4 ; Table S3 ; Video S3). For contralateral hand movements (n = 5), latencies between stimulation onset and EMG cessation (estimated from the latency with which EMG signal fell within 3 3 SD of mean rest activity; see STAR Methods) were strikingly longer than latencies identified for parietal sites (546 ± 347 ms; Mann-Whitney U test, z = 3.2, p < 0.0005) (Video S3). Finally, no somatosensory inputs were recorded at the frontal inhibition sites.
Group analyses, similar to the ones performed for parietal patients, confirmed these observations ( Figure 3 ). Cortical stimulation caused the mean RMSE of the flexor carpi radialis to significantly drop, for both the ipsi-(n = 5) and contralesional (n = 5) hands (FA: X 2 9 > 22, p < 0.01).
DISCUSSION
To summarize, our results indicate that electrical stimulation at focal sites in the dorsoposterior part of the parietal cortex duplicates-e.g. ◗-show different observations for the same patient). The color map shows confidence ellipsoids plotted over the cortical surface from the parietal inhibition sites. The yellow border displays 95% confidence ellipsoid. See also Figure S1 and Videos S1-S3.
(a region here designated DPPr) prevents movement initiation and instantly blocks ongoing responses. Anatomically, DPPr might be the homolog of the medial intraparietal area (MIP) in macaque or more generally of the so-called parietal reach region (PRR) [19] [20] [21] . Inhibition sites within this region do not trigger movement or conscious sensations when stimulated at rest. However, they receive direct somatosensory inputs from hand muscles. Several hypotheses can be put forward to account for these findings. First, it could be that electrical stimulation blocks the descending motor output. This could occur, for instance, through the recruitment of the spinal inhibitory circuitry via direct corticospinal projections. Recently, such projections have been identified for hand muscles in the monkey within the lateral part of area 5 [22] . However, it is highly unlikely that this pathway mediates the motor inhibitions observed in the present study. Indeed, this hypothesis cannot explain our observation in one patient that the hand ipsilateral to the stimulation site can be blocked in the context of a bilateral coordinated response while remaining unaffected in the context of a unilateral response (see below). Also, it is not consistent with functional data showing that this parietal descending pathway does not block muscle contractions but evokes motor responses when stimulated, even at low intensities [22] . Our parietal inhibition sites did not evoke such motor responses. In fact, no parietal stimulation site did, in agreement with previous large-scale clinical studies that also failed to identify muscle contractions following stimulation of PPC in humans, even at high intensities [11] [12] [13] . This result contradicts the accumulating evidence that long trains of microstimulation in anterior PPC can evoke complex arm, hand, and face movements in non-human primates [23, 24] . Although the origin of this discrepancy remains unclear, it may reflect differences in stimulation parameters between humans and monkeys and/or the inability of surface stimulation to reach the depth of the intraparietal sulcus where motor parietal zones could be buried [22, 23, 25, 26] .
Another hypothesis could be that that the blockage of the motor output occurs through remote recruitments, in particular, those directed at the well-known frontal inhibitory regions [1] . This possibility is unlikely. Indeed, the motor blockages identified to date, in frontal regions, are strikingly different from the motor blockages we observed in DPPr. Typically, as confirmed by the illustrative examples provided in the present study, frontal inhibition sites have a broad, unspecific influence on sensorimotor systems. In their seminal paper, Luders et al. indicated that electrically evoked motor blockages in precentral areas always involve a combined disruption of body movements (often bilaterally) and speech [7] . Likewise, Chassagon et al. showed, for the frontal medial wall, that hand motor inhibitions occur together with speech disruption in 80% of the cases [9] . Similar observations were reported for the supplementary motor area (SMA) [8] and the primary motor cortex (M1) [10] . This lack of specificity contrasts sharply with our observation, in DPPr, that only the instructed hand movement was disrupted. In response to electrical stimulation, speech was never perturbed, and for unilateral movements, only the contralateral hand was affected. Interestingly, in one instance where the patient inadvertently performed a coordinated movement of both hands, stimulation evoked a bilateral blockage. When this patient was then asked to use his contra-and ipsilateral hands alone, for confirmation, only the Figure 1A : A, black circle; B, upper black square; C, empty circle; D, empty square). FCR, flexor carpi radialis; TA, tibialis anterior. See also Figure S2 , Table S2 , and Videos S1 and S2. former was blocked. A global inhibition involving remote precentral structures, through blind current spread, cannot account for these results.
From a functional point of view, selective inhibition is a necessary element of efficient motor control. For instance, its existence is critical for (1) freezing the motor plant during action planning (i.e., for avoiding early movement release), (2) preventing residual uncontrolled muscle activity when the motor goal has been reached, or (3) impeding the release of irrelevant movements toward environmental distractors. The parietal inhibition sites identified in the present study can subserve these functions. In agreement with this claim, anatomical studies in monkeys have identified direct and indirect (via the premotor regions in particular) projections from DPPr to M1 areas controlling hand/arm movements [25, 27, 28] . Also, neuroimaging experiments have identified increased neural activity in the dorsoposterior parietal cortex (at MNI coordinates close to the ones found here; Figure 1 ) during sustained inhibition of finger movements toward an undesired target [3] . In the same vein, dual-TMS (transcranial magnetic stimulation) protocols have revealed that a conditioning magnetic pulse delivered over the anterior part of DPPr can depress motor-evoked potentials triggered, in the first dorsal interosseous, by a test pulse delivered over the ipsilateral M1 [4, 5] . Finally, and most importantly, clinical observations have shown that focal parietal injuries encompassing DPPr can cause a rare clinical condition where the hand of the patient moves ''alone'' outside his/her conscious will [6, [29] [30] [31] . In one subject with a selective lesion of the superior parietal lobe, these alien movements have been reported to reflect uncontrolled neural activity within M1. It was suggested that this activity was inhibited by parietal control signals in healthy subjects [6] . The fact that most parietal inhibition sites described in the present study (10 out of 12) receive detectable short-latency sensory inputs (around 50 ms) might be relevant to this point. Indeed, this finding suggests that the efficiency of parietal inhibition could rely on an internal sensory-to-motor feedback loop. According to this view, sensory inputs would be the entry signal of a closed circuit allowing, with minimal delay, to reinforce the inhibitory output from DPPr to M1 when an unwanted muscle response is detected. Recently, indirect evidence has been provided in monkeys, showing that long cortical connections between different functional zones in PPC can activate inhibitory neurons to block competing movements [25] . It is tempting to speculate that a similar organization can account for the ability of DPPr to inhibit motor activity in precentral motor regions. However, there is an alternative view to this appealing hypothesis. It originates in the known contribution of DPPr to basic motor control.
During the last 2 decades, converging evidence has been provided that the dorsoposterior part of PPC, around the intraparietal sulcus, continuously monitors movement execution [26, [32] [33] [34] . Computationally, this process is assumed to take the form of a real-time controller that steadily modulates neural activity in primary motor regions with the aim of progressively nullifying the ''motor error'' [35] [36] [37] [38] ; a parameter that is defined as the difference between the goal of the movement and the ongoing state of the motor plant. Because of transmission delays, the latter is thought to be estimated through a forward model integrating motor outflows and sensory inputs [36] [37] [38] [39] . When the motor error reaches zero, the movement stops. Within this framework, motor inhibition could be a consequence of disrupting neural computations in DPPr. According to this view, electrical stimulation would prevent the transmission of the real-time error signal that drives motor activity in primary motor regions (or would cause these regions to interpret the disorganized upcoming signal as a null-error signal). As a consequence, the ongoing movement would promptly stop. Under natural conditions, this mechanism might represent a very parsimonious and efficient strategy to achieve selective motor inhibition. Unfortunately, based on our clinical data, it is not possible to determine the respective validity of this hypothesis and the previously evoked possibility that movement inhibition relies on a dedicated circuit.
To sum up, our results indicate that electrical stimulation at focal sites within a restricted area of the dorsoposterior parietal cortex inhibits volitional upper-limb motor responses with high selectivity. Identification of this inhibitory process is of primary importance to understand how intended actions are suppressed either at the preparation stage or following movement completion. Also, our data shed light on the etiology of alien hand movements evoked, in some patients, after focal parietal lesions. Tables S2 and S3 and Videos S1-S3.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Figure 4. Illustration of the Motor Properties of Frontal Inhibition Sites
Electromyographic signals (EMGs) recorded in one subject while stimulating (stim, gray rectangles) a frontal inhibition site (blue triangle in Figure 1 ). FCR, flexor carpi radialis; OO, orbicularis oris. See also Figure S2 , Table S3 , and Video S3
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Angela Sirigu (sirigu@ isc.cnrs.fr).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Clinical data were collected per-operatively during surgeries for tumor removal, in 20 patients operated under local anesthesia (see Table S1 ). 16 of these patients required parietal mapping and 4 required frontal mapping. The clinical protocol was approved by the local ethics committee (CPP, Lyon Sud-Est IV, Centre L eon Berard, Lyon; N DGS2007-0161) and sponsored by CNRS. Prior surgery, patients (or the parents for the minor children) were informed by the senior neurosurgeon about the surgical and stimulation procedures and gave a formal consent.
METHOD DETAILS
Per-operative tests used standard procedures [40, 41] and were performed with the goal of minimizing the risk of post-operative sequelae [42, 43] . Sensorimotor and language functions were evaluated using direct electrical stimulation (DES) and somatosensory evoked potential (SEP). Only the outcomes of sensorimotor evaluations are considered in this report.
Motor evoked potentials
Motor evoked potentials (MEPs) were investigated using standard, well-defined, procedures [41, 44, 45] . Electrical stimulation was delivered through a bipolar electrode placed on the cortical surface. The probe was made out of 2 spherical steel tips located 5 mm apart. A constant voltage stimulator (Nimbus Cortical Stimulator, Newmedic) was used to produce a train of low-frequency biphasic pulses (pulse frequency 60 Hz, single-pulse phase duration 1 ms, amplitude 2 to 8 mA). The duration of the stimulation varied from 2 to 5 s. Initial stimulus intensity was set to 2 mA and was then increased to 4 mA and 8 mA. If no motor response was observed at the highest intensity, the site was classified as ''silent'' (or non-responsive).
Motor control sites
Motor control sites (MCSs) were characterized as sites which stimulation (i) did not evoked MEP at rest; but (ii) disrupted an ongoing movement. To identify these sites the patients were requested to perform continuous open-close hand movements (z1 Hz). Electrical stimulation was delivered using standard parameters (see above) just before the patients were instructed to start their movements or during movement execution. Patients were briefly trained to perform this open-close task the day before surgery.
Electromyography
During the pre-operative phase of the surgery, the patients were prepared for electromyography (EMG) recordings. Disposable surface Ag/AgCl electrodes (Viasys) were placed bilaterally on the face (orbicularis oris) upper limb (biceps, triceps, extensor digitorum communis, flexor carpi radialis, thenar eminence, hypothenar eminence) and lower-limb (tibialis anterior, gastrocnemius). During surgery EMG signals were differentially amplified, sampled at 10kHz, filtered in a 30-300 Hz frequency band, displayed on a computer screen, and visually assessed. These signals were then stored for further processing (see quantification and statistical analyses below).
Somatosensory evoked potentials
Like MEP, somatosensory evoked potentials (SEPs) were investigated using standard procedures [41, 46] . The surface electrodes positioned during the pre-operative phase for EMG recording (see above) were electrically simulated to provoke muscle REAGENT contractions. In this protocol, commonly employed in rehabilitation and research settings to mimic voluntary movements [47] , the afferent signals collected in the sensorimotor regions reflect the recruitment of cutaneous and proprioceptive afferent fibers (group I and II) [48, 49] . Stimulation consisted in standard electrical trains (9 pulses, 500 ms wide, 10 ms interpulse interval) delivered at a 2.7 Hz frequency. Stimulation intensity varied from 5 to 20 mA, depending on patients, target muscle and measured impedances. SEP were recorded on the cerebral cortex in a bipolar way using cortex strip electrodes (1 or 2 grids of 4 to 6 contacts). During surgery SEP were collected at a 10 kHz sampling rate and filtered within a 0.5 to 300 Hz frequency band. A period of 120 ms was considered after each stimulus onset. For each cortical site and peripheral muscle, mean curves were obtained in real time by averaging 200 individual trials. The resulting curves were displayed on a computer screen, and visually assessed. Then, they were saved for offline processing (see Quantification and Statistical Analysis below).
Localization of brain sites
The procedure for localizing stimulation sites has been described in a previous publication (see supplemental information in [13] ).
A neuronavigation system was used to guide surgeries. This system was used to record coordinates of the stimulation sites on individual high resolution MR images. Spatial normalization of preoperative MR images into the MNI space (ICBM152) was performed using the robust [50] segmentation procedure of SPM12. Lesion areas were manually defined from preoperative MR images and excluded from the normalization transformation. Anatomical localization within the parietal cortex were determined from MNI coordinates using the probabilistic cytoarchitectonic maps provided by the Jü lich Research Center [51] , as available in the Anatomy toolbox of SPM. 3D surface rendering images, combining data from all subjects, were the generated using a surface-based template labeled with FreeSurfer 5.3 (https://surfer.nmr.mgh.harvard.edu/) according to the Mindboggle atlas [52] .
QUANTIFICATION AND STATISTICAL ANALYSIS
Motor responses and latencies
Standard offline treatments were applied to the stored EMG signals to identify significant motor responses and their latencies [41, 53] . The envelope of the surface EMG was estimated by a scheme of demodulation, smoothing, and relinearization [54] . Rest EMG (mean -M-and standard deviation -SD-) was determined from the 1000 ms rest period preceding stimulation (MEP) or movement (hand motor task) onset. For MEPs, the site was considered responsive if stimulation caused the EMG envelope to rise above the M + 3*SD threshold. EMG onset was defined as the first point of the first 100 ms epoch of the EMG envelope located above this threshold. The same approach was used for the hand motor task. EMG onset was defined as the first point of the first 100 ms epoch of the EMG envelope located above the M + 3*SD threshold. EMG cessation (or inhibition) was defined as the first point located below the M + 3*SD threshold. See Figure S2 .
Somatosensory responses and latencies
Significance of stored SEP signals was assessed for each subject using a standard procedure [41, 55, 56] . A baseline curve was first defined by averaging all individual signals. For each time sample, a t test was then computed between the SEP and the baseline curves, using a 95% significance level. Periods showing more than 100 consecutive significant t tests (corresponding to a 10 ms period) were considered significant. Latencies were computed from significant curves as the onset of the first 10 ms period above or below 3 standard deviations of the mean signal averaged from all non-significant curves. In a last step, SEP activities were filtered with a 100 Hz low-pass filter for display purpose.
EMG group analyses
Individual EMG signals were segmented into 10 time bins ( Figure 3 ). The root mean square amplitude of the EMG signal of the Flexor Carpi Radialis muscle was computed for each time bin. Friedman's Anova was then used for determining significant differences accross time bins.
Distribution of stimulated sites
Permutation tests were used to determine statistical significance of the differences observed between the densities of stimulation and recording sites in the IPL and SPL regions (10 4 permutations [57] ). Statistical threshold was set at a = 0.05.
Confidence ellipsoids for inhibition sites
The 3D Gaussian probability distribution of inhibition sites ( Figure 1A ) was estimated and then approximated with a 2D Gaussian distribution in the plane defined by the two largest eigenvectors of the dataset. Confidence isovalues (Chi-Square probabilities [58] ) associated with this Gaussian distribution were then drawn on the template cortical surface using a color scale from 99.5% (for cortical points of the regions containing at least 99.5% of the sites -yellow-) to 0.005% (for cortical points of the regions containing at most 0.005% of the sites -red-).
Monte Carlo Simulation
We investigated how many subjects of our sample (n = 16) are expected to show a lack of inhibitory response. A Monte Carlo simulation was performed (100,000 repetitions) knowing: the proportion ''p'' of eloquent sites within DPPr (i.e., the proportion of Current Biology 28, 3303-3309.e1-e3, October 22, 2018 e2 sites that evoke motor inhibition when stimulated; p was varied from 25% -inferred from our data-to 50% -artificially high-); the number ''n'' of sites stimulated in each subject within DPPr (n ranged from 7 to 0 -one subject was only stimulated in the inferior parietal lobe-). Each repetition involved 2 steps: (1) for each subject, given p, we randomly drew n sites and determined whether one of them was eloquent; (2) we determined the total number of ''silent subjects.'' Finally, the 95% confidence interval of the simulated distribution was computed (i.e., the 95% interval within which, for any study, the number of silent subjects should fall).
DATA AND SOFTWARE AVAILABILITY
Analysis-specific code and data are available by request to the Lead Contact, Angela Sirigu (sirigu@isc.cnrs.fr).
